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ABSTRACT

A delayed-neutron assay instrument was installeu
in the Fluorinel Dissolution and Fuel Storsge
Facility at Idaho National Engineering Lab.ra-
tory. The dual-assay instrument is designsd to
measure both spent fuel and waste solid:, that
are produced from fuel processing. A set of
vaste standards, fabricated by Los Alaros using
uranium supplied by EXXON Nuclear Idah Company,
was used to calibrate the small-sraple assay
region of the instrument. Performince teating
was completed besfore installation c¢f the fnatru-
ment to determine the effects of vranjum enrich-
ment, hydrogenous materjals, and neutron poisons
on assays. The unit was desfgned to measure
high-enriched uranium samples in the presence
o large neutron backgrounds. Measurements in-
d.cate that the system can assay low-enciched
uranium Ramples with wmoderate backgrounta 1{f
calibrated with proper ataidards.

INTRODUCTION

A delayed-neutropn interrogation assay sys-
tem (Shuffler) was cesigned, constructed, and
fnstalled in the new Department of Energy Fluor-
inel Dimsolvtion ani Fuel Storage (FAST) Facil-
fty at Idsho National Engineering Lahoratory
(INEL).I‘J The Slamffler, developed am an Inte-
gral part of the FAST Facllity demign, evolved
through close {rteractions among lLom Alamos Na-
tional lLaboratery, EXXON Nuclear 1daho Company
(EN1CO), and the Ralph M. Parmons Company, the
arckitectural engiueers. Installation of the
{natrument st the facility waa coordinated
through Catalytic, Ilnc., the conatruction man-
ager. The tacility will gtore and reprocesa
uranfua fuel fron US Government remearch reac-
tors and the US Kavy'a nuclear ship propulsion
nrogram. The Shuffler in a dual-aanay dnvigo
dosigned to measure nondentructively the 235y
content in euriched-uranfum spent fuels and in
wvaste rolids produced by fuel dimsolution. Two

ok wupported by the US Department of Enerpgy,
Offles of Safepuards and SBecurfty.
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independent estim:tes of the uranium content in
fuels are required before dissolution to satisfy
plant operating prccedures and to ensure criti-
cality eafety during processing. These esti-
mates are provided by a Shuffler arsay measure-
aent and an operator-declared burnup value.
Followin; fuel dissolution and complexing, the
solution is filtered to ramove undiasolved sol-
ida and then sent to another facility for ura-
nium recovery. The insoluble particulate re-
moved by the filter conatitutes solids waste,
vhich is packed into stainless steel canisters
for eventual disposal. Material accountability
rejyuires a determination of the quantity of
uranium contained in waste solids, a difficult
problea when chemica) techniques are ulsd. The
Shuffler is designed to measura the <~ con-
tent in waste canisters.

fosay specifications for the {nstruaent
congist of a waste-canieter measurement preci-
sion of $30 g (20) over the range 0 to 400 g of
LET Specifications for fuel measurements re-
quire a 5% (2U) precislun for fuel loadings be-
tween 2 and 10 kg  of ANBAYy meamurements
are complicated by large necutron backgrounds
produced from both (a,n) reactions and spontane-
ous fiwsion of the curfum lsotopes. Operational
apecifications list a neutron background from
the fuel and vaste of up to 1.2 x 10 7! and
require the instrument to mer: the neasurement
specifications for backgrouads up to 0.5 x 100
.-

This paper contains a brief description of
the Shuffler amsay fnstrument and fincludem n
dincunsion of the moftware features used Lo per-
form amsays and to provide graphical dlaplayn
of calibratton data and the uranivem profiles in
samples. Wante-canister atandards developed to
ralibrate the inatrument are discunsed, and data
on scanning assays of these canisters are pre-
nonted. Heasurement tvemultn are presented for
a variety uf oaterialan ammayed during perform-
ance testing of the {nmtrument.

Syntem Deacription
Becaune waate sollds and wpent-tuel compo-
nenta were not avatlable for expevinenta, the



instrument was designed using analytical calcu-
lations.2 The Los Alamos Monte Carlo code
(HCNP)5 was used to specify » rhree-dimensional
geometry and simulate neut-on transport in the
instrument to determine fission and delayed-
neutron count rates for varionus samples. The
types of materials and their geometries and lo
cations 1in the instrument, in addition to 41s-
segsment o the Shuffler's measurement perform-
ance, vere based on MCNP calculations.

The Shuffler (Fig. 1) is housed in a sepa-
rate shielded cublicle at the base of the dise-
solver cell and contains two tubes that pene-
trate the cell floor and extend down through the
instrument. These tubes provide a containment
barrier between the contaminated proc:ss ceil
and the instrument aud permit scanning measure-
ments to be performed on samples paszed through
the Shuffler. The i5-cm-diam small-sample tube
i for waste-canister assays and provides a
geometry sujtable for precision measurements on
samples containing emall quantities of uranium.
The 50-cm-diam large-sample tube enables meas-
urement of fuel packages that nave various
shapes and lengths and contain large quantities
of uranfum.

Quality-assurance and quality-control pro-
grams were developed and records were maintained
during design, develowment, and (esting of the
Shuffler. The instrument is required to with-
stand earthquakes of a specified magnitude and
frequency and remain operational. The Shuffler
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also satisfies safety, radiation shielding, and
facility maintenance specificatione. All compo-
nents in the instrument are labeled, permitting
the instrument to be Aisassembled and reassem-
bled. Documeuntacion supplied with the system
consists of A software operations manual, an
electronics systems manual, physics and measure-
ment test documentation, and complete mechanical
fabrication and electrical schematic drawings.

The assay system comprises both electronic
and mechanical components that are located
throughout the facility (Fig. 2). The assay
instrument, contained in a cubi:le, 18 connected
by cables to nuclear electronics instrumentation
mounted in an equipment rack outside the cubi-
cle. A computer located in the operations room
controls the instrument and receives measurement
data from the nuclear electronica. The instru-
ment 18 operated from a terminal by selecting
an opticn from the assay software menu. This
terminal i8 located adjacent to & hot-cell win-
dow, directly above the instrument cubicle, in
the crane corridur. This location provides con-
venient access for operators to view the eamples
being positioned for measurement. Sample infor-
mation and assavy data are transferred between
the Shuffler and main facility computer using a
commurications link. The vertical position of
a sample in an assay tube during measurements
is obtained directly by the Shuffler computer
through a link with the hot-cell crane.
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Fig. 1. Three-dimennional achematic of the FAST delayed-neu-

tron {nterrogator.
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Shielding i8 required to reduce the radia-
tion emitted from the waste and apent-fuel sam-
ples and from the Cf source contalined 1in
the ingtrument. Radiation reaching the person-
nel corridor is reduced by the shield cubicle
housing the instrument. During a measurenment,
the intense gamma radiation emitted from fuel
and waste samples is also decressed by a 10-c¢m-
thick lead column surrounding :he sample tubes.
This column consists of 350 interlocking 1lead
pleces clamped Into position by aun external
shroud. The Shutfler Js shlelded to reduce the
number of gamma rays and neutrons emitted by the
252¢f yource that escape from the shield., The
source {s kept in the shinld position by an fn-
terlock key switch that {s used when the cubicle
ts open to perronnel accesm. Radfation reaching
the surface of the {fnstrument s <5 mR/h for the
largest allowable 252¢r wource (3.75 mg), excep:
tor one positfon where the radiation level f{n
25 mR/h.  This radiation 1& reduced to a negli-
gible quantity on the outside of the cubicle
housing the Shuffler.

A wource tranwfer canrk wan denigned and
constructed ‘o permit 252¢r wourcem to  be
trannterred to and from the Shuffler. The cask
meetn the Department of Trounmportation (DOT-7A)
l{cenne requirementa and {n .rrllflrd to trans-
port up to 2 C1 (3.7 mg) | 5 201, Dowe menw-
urements with a 0.H2~ma Gt mource findicate
that the largest allowable wource would produce
30 mR/b at the cask wurface and 2 mi/hat 1 m
from the cank. Special features of this cank
are storage powitions for two mources and a gear

Dissolution Cell

Delayed Neutron
Intert gator

Delayed-nfutron interrogitor instrument component
locations in the FAST facility.

wmechanism to transter the sources. Each storuge
position is connocted to a gear wheel, and a
californium scurce attached to a Teleflex cable
can be inserted or removed from the cask by con-
necting a hand crank to the appropriate gecar.
The shield cark allows sources to be quickly and
earfly transterred and provides radlaticn pro-
tection during removal of an old source and Ln-
sertion of a new source into the Shuffler, as
shown in Fig. 3.

The instrument evceeds the sefsmic design
requirements for the facility., The Shuffler i
rigidly bolted to a mounting pedestal in the
cubicle. All materials are tightly positioned
within a sturdy framework to prevent movement
ot shifting. The lead column murvounding the
two tubes that penetrate the {ustrument cubicle
f8 clamped in place by a stainless s.eel shroud,
which fs bolted to th. pedestal bhase and the
cublele cefling. bDuring an earthquake, the
shreud will 1imit movement of the lead pleces
and prevent rupture of the tubes.

The nenay procedure connints of lowering a
sample fnto the appropriate through-tube for a
background measurement, followed by an act{ve
neutron intervogation as the mample s 1ited
from the tube, Interrogatinn consisty of trans-
forring the 252¢1  mource  from ftr mhielded
storage position to an frradfatfon locatton near
the wample. After frradiation the wnurce In
returned to wtorage and thea delayed neutronn
produced aw a result of uranium fi{retons Induced
by the smource are counted. This measurement



Fig. 3. A source {s transierred from the Shuf-
tler to the shield cask.

cycle {8 repcuted until the sample is lifted
from the wmeasurement region of the Shuffler.,
Using the assay measuremetic and u ca.ibration
curvs gbtalned from knuwn standards, a value for
the 230 content in the sample {8 computed.

Performance Test Results

Performance testing was completed before
{nstallation of the Shuffler in the FAST facil-
fty. A ¢92¢e wource was obtained from Savannah
River Laboratorics and calibrated by the Na-
ttonal Bureau of Standards (NBS). The source
neutron emisnjon rate was wspecified by NBS to
be 1.76 x 107 /s on January 1, 1982, Experi-
mente were conducted using this source to deter-
mine the effects of hydrogen, poisons, and ura-
nfum enrichment on sssays, Data were collected
from a varifety of wsamples connisting of low-
enrfched uranfum in light-water-reactor (LWR)
and bofling-water-reactor (BWR) fuel rodm, high-
enriched wianium contatned in graphite powder,
and materialu-tent~reactor (MTR) fuel plat=s.
A set of wante atandarda was {abricated and used
to calibrate the Shuffler wsmall-wample ansay
reglon,

The detection efficlency and vertical re-
sponse profiles were measured using a small cal-
ibrated 232Cf source. The He detection effi-
ciency war measured with the source positioned
at the detvctor midplane and centered in each
assay tubc. The efficiency of the »>all- and
large-sample assay tubes was 7.4 and 1.2X. The
vertical profile response was measured by col-
lecting counts with the source set to various
positions along the center of each assay tube.
The vertical profiles are plotted in Figs. 4 and
5 for the small- and large-sample assay regions.

ENICO supplied the uranium and Los Alamos
fabricated waste standards to calibrate the
Shuffler., Material composing the standards was
prepared using information supplied by ENICO on
the quantities expected in waste solids from
fuel processing. Four canisters with identical
shapes and constructed of stainless steel 304
were supplied by ENICC. The canisters have a
0.32-cm wall thickness, 11l.43-cm o.d., 6l-cm
height, and an internal volume of 4.65 L. Mate-
rial was accurately weighed and mixed using a
V-blender. During filling operations, samples
were taken at various positions in the canister
for analysis of boron, cadmium, uranium, and
water content and also to obtain an estimate of
the uniformity of mixing. Table I 1lists the
gram quantities of materials in each waste can-
ister. Standards 1, 3, and 4 were fabricated
with sufficient matrix material to fill them.
Canigter 2 was fabricated with only enough ma-
trix material to fi1ll it approximately half-way.
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TABLE 1

WASTE-CANISTER MATERIALS®

cantster 277 .S can Y% Total 233
Number  (g) &) & & _®& (&)
1 10 068 311 105 B4.9 10 564.9  49.5

2 5017 1% 53 170 5 395 99.0

3 10 113 M3 108 341 10 872 198.6

10 14 312 106 682 11 214 397.3

8The we!ghts of paterials 1in each canister are based on the
assumption that the blend {s homogeneous and the matarials
are pure.

A partially filled can’ ter was needed to study
the effects of fi11 height on waste assays.

Small-Sample Avsay Tube Measurements

Assay scauning measurem:nts were comp' ' _.i
on the four waste stundards. The 50.8-cm-long
ramples were lowered and raieed through the
small tube at a constant rate of 12.7 cm/min.
Measurements were continued while the sample was
moving through the 76-cm-long scanning region.
This region was wselected vamed on the vertical
response profile of the delayed-neutron detec~
tors. Background data were collected from each
sample uring the down acan, and a cyclical
25201 jrradiation delayed-nrutron measurement
sequence was completed during the up ucan., The
cyclical sequence consisted of an B-s sample

irradiation followed by a 4-s delayed-neutron
count. Approximately 0.5 8 was required to move
the source between the sample irradiation and
srtorage positions. During the irradiation se-
quence, neutron counts were collected using low-
efficiency U flux-monitor detectors. These
detectors, near the sample, monitor the source
irradiation strength, fission rate, and hydrogen
content of the sample. When the source is re-
turned to storage, delayed-neutron counts are
collected wusing 5He detectors. During the
scanning process, between 36 and 38 {rradiation
counting cycles were completed on each canister.
Variability in the » %“er of cycles resulted
from slight chanjes ii.. che scan rate for each
canister. Table II 1lists the count rates col-
lected from the waste canisters corresponding
;0 the 232¢f irradiation source strength equal
to 1.41 x 107 n/s on November 3, 1982, the meas-
urement date. Figure 6 is a plot of the meas-
ured waste standard data. The points fit a
straight line indicating that self-shielding and
multiplication effects are negligible. A fiu
to the equation R = B M, where R 18 the measured
respongse and M is the mass of the sample, pro-
duced a value for the blope coefficient (B) of
2.33.

Repeatability measurements were conducted

with waste standard 4, containing 397.3 g of
SU. in a fixed position at the center of the
small-sample assay tube. Fifty irra¢ .lon-
counting cycles were completed for each measure-
ment, and a wait time of 10 min was imposed be-
tween measurements to allow the delayed-neutron
precursors *o decay. Each cycle required 13.0 8
to complete audi consisted of a 0.5-8 source
transfer time, an 8.0-s {irradiation time, a
0.5~8 source transfer time, and a 4.0-s delayed-
neutron count tire. Movement of the source be-
tween the storage and sample irradiation posi-
tions requires a transfer time of .5 8. The
fixed-position repeatability assay dsta for this

TABLE 11
WASTE-CANISTER SCANNING ASSAY DATA
(1./3/82)
238 Delayed Fluy
Canisier v Neutron (DN) Monftor (IM) DN/ K"
_Number Anl. _(counte/n) fcounta/a) Ratto
1 49,3 117.4 1.2 1648.]1 ¢ 2.) 0.071
2 99.0 230.1 ¢ 1.8 1668.3 ¢ 2.3 0.138
) 198.6 4635 t 1.y 1637.4 ¢ 2.2 0.28)
4 97,3 91h.b t 2.6 1639.8 ¢ 2.2 0.5%8

SDN/FH  fs the ratic of the delaysd-neutron-to-tiux-monitor
count rates.
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Fig. 6. Delayed-neutron detector response Vs
t he 50 mass for the four waste standards
measured in the small-sample assay tube.

sample are listed in Table II1 and plotted in
Fig. 7. Delayed-neutron count rates are signif-
icantly higher for a stationary sample at the
center of the assay region compared with scan-
ning measurements. A scanning assay will have
a lower delayed-neutron rate bezause of end
effects as the sample is moved througt the
measurement region of the instrument. A back-
ground was collectod for each measurement and
subtracted from the delayed-neutron and flux-
monitor counts. Background rates averaged
764.3 £ 0.4 counts/s and 0.05 t 0.01 counts/s in
the delayed-neutron and flux-monitor detectors,
respectively, for the 18 repeatability measure-
ments listed in Table Iil. The arithmetic av-
erage and standard deviation of the 18 measure-
ments are listed at the bottom of Table III.
The repeat measurement precisions for the de-
layed-neutron and flux-monitor count rates in
this test were (.18 and 0.12%, respectively.
The average delnyed-neutron-to-flux-monitor
ratic was 1.295 t 0.002 with a standard devia-
ticn of 0.17%. The standard deviation of the
delayed-neutron and {lux-monitor data is in
close agreement with the Poisson statistics
listed for each mepsurement. Variahbilities in
the instrument could increase the standard devi-
ation above the Poisson statistica. For exaw-
ple, if the source transfer times were inconsis-
tent or the source position for sample {rradia-
tion varied significantly betweern cyc. s, then
the repeat measurement precision could be much
larger than i{ndicated by the Poisson statistics
from a given measurement, The agreetiont between
repeat anrsays s within the uncertainty

TABLE III

REPEATABILITY ASSAYS ON WASTE STANDARD 4

Delayed Flux
Measurasent Neutron (DN) Moni.or (FM) DN/FM®
Number (counts/s) (counte/s) Ratio
1 1977.0 % 3.2 1528.9 t 1.8 1.293
2 1930.4 * 3.2 1531.8 ¢t 1.8 1.293
3 1978.4 t 3.2 1529.4 t 1.8 1.294
4 1976.1 * 3.2 1528.8 £ 1.8 1.293
5 1974.2 t 3.2 1527.6 £ 1.8 1.292
6 1983.6 * 3.2 1527.9 £ 1.8 1.298
7 1975.2 £ 3.2 1528.7 £ 1.8 1.292
8 1982.0 * 3.2 1528.7 ¢ 1.8 1.297
9 1980.4 t 3.2 1529.6 £ 1.8 1.295
10 1975.1 * 3.2 1528.8 £ 1.8 1.292
11 1979.4 t 3.2 1527.7 ¢ 1.8 1.296
12 1981.2 t 3.2 1532.4 £ 1.8 1.293
13 1981.9 * 3.2 1530.8 ¢ 1.8 1.295
14 1979.4 t 3.2 1526.9 + ..8 1.296
15 1977.2 £ 3.2 1524.3 t 1.8 1.297
16 1983.8 * 3.2 1530.1 £ 1.8 1.297
17 1979.2 ¢ 3.2 1526.5 ¢ 1.8 1.297
18 1973.0 t 3.2 1528.8 £t 1.8 1.291
Mean 1978.5 t 3.6 1528.8 ¢ 1.9 1.295 ¢t 0.002
ADN/FM 18 the ratio of the delsyed-neutron-to-flux-sonitor
count rates
~~
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determined using Poisson statistics, indicating
that instrument variability is not a significant
source of error for measurements on fixed sam-
ples.

Measurements were completed on a set of
four high-enriched uranium graphite standards
packaged in polyethylene bottles and located in
a fixed position in the center of the small-
sample assay tube. The uranium was enriched to
92.83% and uniformly mixed in graphite powder.
Table IV 1lists the data collected from a 40-
cycle measurement sequence on each sample. The
effects of neutron moderation by the graphite
and the resulting uranium sample self-shielding
produce a decreasing response as the uranium
loading 1s increased. The shape of the curve
(Fig. 8), because of the shielding effect, is
not linear and bends down with increasing mass.

Moderation- and Poison-Effect Measurements

The effects of hydrogenous and poison mate-
rials in samples being measured were studied.
Three sets of samples were prepared using a
V-blender. The first set consisted of zirco-
nium-oxide powder blended with four different
quantities of sugar. The sugar provided hydro-
gen and was 1xed to form samples with approxi-
mately 0.5, 1.0, 1.5, and 2.0 wtX hydrogen in
the mix. The second aad third sets of standards
were identical to the first set except that 2.0
and 3.5 wtZ boron carbide was added to the mix.
Fach measurement sample comprised four stacked,
thin-wall, alumipum cans having a total height
of 55 cm and a diameter of 10.8 cm, which ‘s
similar to the size of the waste canisters.
Four PWR Zircaloy fuel tubes cut to 7.6-cm
lengths were filled with the UO3 remsining from
the waste standard fabrication. Each of the
tubes, containing 11.26, 10.94, 10.87, and
10.91 g of 235U, was inserted down the center
line of an alumipum can before measurement. The
cans were then gtacked and scanned through the
sample-asgsay tube. Tables V, VI, and VII list
the data collected from the three sample sets.
The delayed-neutron-to-flux-monitor ratios for
the three sets are plotted in Fig. 9. Increas-
ing the hydrogenous material {in-reases the

TABLE 1V

URANIUM-GRAPHITE SAMPLE ASSAY DATA

238 Delayed Flux
Sample [ Neutron (DN) Monitor (FM) DN/.™
. 8)__  (counte/s) =~ (counts/s) hatio
434 9.283 138.7 * 1.2 2097.8 t 2.4 0.066
4)6 A6.42 39%5.0 ¢ 2.} 2068.8 £ 2.4 0.208
17 92.83 113%.4 £ 2.8 2052.6 & 2.4 0.553
418 185.66 203R,% t 3.7 .9681.8 t 2.} 1,029

f e
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Fig. 8. Delayed-neutron count rate vs 235y mass

for asssy of high-enriched uranium-graphite sam-
ples.
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TABLE V

SMALL~SAMPLE ASSAY TUBE MODERATION DATA
(N¢ Poison Materials)

Delayed Flux
Hydrogen Neutron (DN) Monitor (FM) DN/FM®*
(weX) _(counts/z) _(counts/s) Ratio
0.0 108.8 ¢ 1.1 1717.4 % 2.1 0.0634
0.467 194,1 2 1.4 2183.3 ¢ 2.5 0,0889
0.885 276.2 t).5 2472.8 £ 2.5 0.1117
1.24 393.2 ¢ 1.7 2771,3 ¢ 2.7 0.14)9
1.56 474,0 1 1.8 2955.5 t 2.8 0.1604

SDN/FM is the ratio of the delayed-neutton counts i o the flux-
monitor counts.

TABLE VI

SMALL SAMPLE-ASSAY TUBE MODERATION PLUS POISON DATA
(2.0 wtX Boron Carbide)

Deluyed Flux
Hydrogen Neutron (DN) Monitor (FM) DN/TFM
(wel) _ Scounta/e) _(counta/s) Ratio
0.0 108.%3 2 1.1 1708.4 ¢ 2.1 0.063%
0.47 149.4 2 1.2 1972.0 t 2.4 0.0758
1.5%6 235.9 % 1.4 2536.4 ¢ 1.8 0.0930



TABLE VII

SMALL-SAMPLE ASSAY TUBE MODERATION PLUS POISON DAuA
(3.5 wtt Boron Carbide)

Delayed Flux
Hydrogen Neutron (DN) Monitor (FM) DN/FPM®
(wtd) (counts/e) (counts/s) Ratio
0.0 108.5 £ 1.1 1708.4 £ 2.1 0.063%
0.452 126.8 ¢ 1.1 1863.6 * 2.2 C.0680
0.850 150.8 * 1.2 2057.9 t 2.4 0.0733
1.20 172.8 ¢ 1.3 2253.5 t 2.5 0.0767
1.56 199.9 2 1.3 2372.9 t 2.5 0.0842

ADN/FM 1is the ratio of the delayed-neutron counts to the flux-
monitor counts.
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000 L. 1 il 1 A A
0 05 1 15 2
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Fig. 9. Delayed-neutron-to-flux monitor ratio

vs weight per cent hydrogen in samples contain-
ing 8 fixed quantity of uranium with boron poi-
son loadings of 0, 2.0, and 3.5 wtX.

delaxed—neurron response from a fixed quantity
e5 235 qna sample. The flux-monitor response
4lgo increases with the quantity of hydrogen
moderator. Using the ratio of delayed-neutron
counts to flux-monitor counts helps decrease the
measurement sensitivity to tho hydrogen content
in a sample, hut as shown in Fig. 9, measure-
ments are still affected by the hydrogen load-
ing. Adding neutron poison to the sample de-
creases the number of thermal neutrons in the
sample and aids in further decreasing the ef-
fects of hydrogenous materials on a sample as-

say. Waste canisters to be measured by the FAST
delayed-neutron interrogator will be dried to
remove the unbound hydrogen and are expected to
contain hydrogen loadings between O and i.0 wtX
and poison loadings between 3.0 and 4.0 wtX.

Uranium—Enrichment-Effect Measurements

A series of measurements was completed in
the small- and large-sample assay tubes with
1-kg uranium standards containing 50 enrich-
ments betwzen 1.94 and 91.32%X. The measured
data are listed in Table VIII. The delayed-
neutron response increased, and the flux-monitor
response remained essentially the same for a
given uranium loading as the enrichment 1in-
creased. However, the delayed-neutron response
per gram decreased with increasing enrichment,
as shown in Fig. 10, because of an increasing
delayed-neutron response from U fissions
as the enrichment was decreased. The response
remained relatively flat for enrichments >30%.
Measurements of low-enriched materials require a
calibration curve using standards that match the
enrichments of the unknown materials. The re-
sponse from 38y figsions could be decreased by
moderating the 252¢f neutron flux. However, the
sample penetrability would be decreased and
measurements on poison-loaded samples would be
more difficult.

The large-sample assay tube is designed to
measure ramples with lerge uranium loadings.
The 252Cf {rradiation source circles this tube
to provide a more uniform sample interrogation
than that from irradiating with the source at a

TABLE VIIX

URANIUM ENRICHMENT A>SAY DATA
(1000-g Standards at Various Enrichments)

Delayed Flux
Sample Enr{chment Neutron (DN) Monitor (FM) DN/FM
XD (wex)  (counts/s) (counts/s) =~ Ratlo
UI180-2 1.94 1016.9 ¢t 3.7 1620.6 t 3.0 0.627
ul1so-3 3.02 1086.C ¢t 3.9 101%.1 ¢ 3.0 0.673
U150-10 10.06 1725.5 £ 4.8 1588.7 t 1.0 1.086
U180-12 11.77 1850.1 ¢t 4.9 1569.1 t 3.0 1.164
U1s80-13 13.31 1913.8 ¢t 5.0 1384.2 £ 3.0 1.208
v1s0~-17 17.34 2000.1 s 5.1 1592.9 * 3.0 1.256
uyso-27 26 .84 2636.8 ¢ 5.9 1577.7 2 1.9 1.671
U1s0-_8 37.70 323/.6 ¢ 6.5 1%72.0 t 2.9 2,060
U180-52 52.21 3899.7 ¢ 7.1 1573.8 ¢ 2.9 2.478
U1S0-66 66.14 4331.6 ¢t 7.4 1573.8 t 2.9 2.75%2
U180-91 91.32 6178.8 ¢ 8.9 1333.9 ¢ 2.9 3.97¢0
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Fig. 10. Small-sauwple assay region measurements
of delayed-neutron response per gram of U vs
uranium enrichment.

fixed position. 1Initial experiments were con-
ducted by scanning the waicte canisters through
the large-sample assay tube. The assay proce-
dure is similar to that of the small-sample as-
say tube. A background is collected during the
sample down scan, and the irradiation and de-
layed-neutron counting cyclical sequence are
performed during the sunmple up scan. The irra-
diation sequence used to measure the waste stan-
dards in the large assay tube consisted of a
0,5-s source transfer, an 8.0-s8 {irradiation
while the source was moved slowly around the
assay tube, a 0.5-8 source transfer, and a 4.0-8
delayed-neutron count. The measurement data,
listed in Table 1IX, show a linear responre for
the uranium loadings in the waste-materisl ma-
trix. These experiments indicate that the
large-sample asrsay reglion {8 capable of measure-
ments on samples containing low uranium loadings
when the background levels are also low. Com-
parlson of the waste-standatd measurements be-
tween the small- and large-sample asscy regions
shows, as expected, that better measurement
precislon 18 ohbiained using the small-sample
assay tube.

Scanning assay measurements on a 6 x 6 ar-
ray of BWR fuel rods were collected using the
arge-sample assay tube. The 180-cm-long rods
were scanned at a rate of 12.7 cm/min. Messure-
ments were collected with the BWR array contain-
ing from 8 to 36 fuel rods that have a \
enrichment of 2.36%. The BWR measurement datua

TABLE IX

LARGE-SAMPLE~REGION WASTE-CANISTER SCANNING DATA

(9/18/82)
235 Delayed Flux
Sample v Neutron (DN) Monitor (FM) DN/PM
I &) (counts/s) (counts/s) Ratio
1 49.5 3.77 £ 0.95 1186.3 ¢ 2.1 0.0032
2 99.0 10.43 t 0.98 1190.5 ¢ 2.1 0.0088
3 138.6 19.86 * 1,04 1187.8 t 2.1 0.0167
4 397.3 38.90 £ 1.10 1186.8 ¢ 2.1 0.0328

(Table X), plotted in Fig. 11, show a linear re-
sponse with fuel-pin loading.

Fixed-position assay data were collected
on a 15 x 15 array of PWR fuel rods that had
enrichments of 3.19%. The fuel array was posi-
tioned down the center of the large-~sample assay
tube and centered at the detector's midplane.
Data were collectad for 20 cycles using an 8.0-s
irradiaticn time and a 4.0-s delayed-neutron
count time. The PWR measurement data for a
series of rod loadings are listed in Tabla XI.
Figure 12 is a plot of the PWR data and shows a
linear response with fuel-pin loading.

Software Features

Control of the assay system is automated
by software commands entered at the terminal
located in the crane corridor. For exawmple,
typing the letter A at the terminal initiates
an assay sequence; the Shuffler then obtains all
information required for the measurement, such
as irample 1dentification and assay location,
directly from the facility computer. After in-
formation 1is received, the operator is In-
structed to position the sample and lower it
into the assay tube for mearurement. The soft-
ware provides simple, clea: messagec listing
problems and directing actions required of oper-
ators. When problems appear, the operator can
override the system and continue mearurements;

TABLE X

BWR FUEL ROD SCANMING ASSAY DATA

Delayed Flux

Nn, of Neutron (DN) Honitor (FM) DN/FM
Rods - {counte/s) (counte/s) Ratio

8 04.99 t 1.%) 1149.1 2 2.3 0.074
11 126.06 ¢ 1.69 V15401 ¢ 2.8 0.109
i8 193.83 £ 1.92 1151.4 2 2.8 0.168
24 235,24 ¢ 2,12 11%9.6 ¢ 2.3 0.220
36 374,10 2 2,45 1162.6 ¢ 2.9 0.322
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Fig. 11. \lLarge-assay-region scanning data from
BWR fuel rods.

TABLE X1

LARGE-SAMPLE-TUBE PWR ASSAY DATA

Delayed Flux
No. of Neutron (DN) Monitor (FM) DN/FH
Rode {counte/a) fcounza/s) Ratto
20 128.8 t 1.7 1é6.1 2 2.3 0.112
40 255.5 ¢ 2.1 1148.3 2 2.5 0.223
60 191.8 1 2.5 2240.2 £ 2.8 0.04]
80 516.3 ¢ 2.8 1148.8 t 2.9 V.44
100 636.8 x 3,) 1149.4 ¢ 2.3 0.554
120 764.0 ¢ 3.3 11%6.0 t 2.5 0.661
140 877.6 % 3.8 1137.0 2 2.8 a.7%9
160 1005.2 ¢ 3.8 1163.0 ¢ 2.3 0.864
180 1111.8 t 3.9 1164.3 ¢ 2.5 0.93%7
200 1228.6 ¢ 4,1 1162.7 ¢t 2.3 1.057
204 108101 ¢ A2 1164.2 £ 2.9 1.07%

however, ail data collected are flagged when a
problem 1% detncted. The software is designed
to be uper friend.y ari to matinfy factltiy op-
aratlonal reguirements for assays performed by
minimally trained personnel on a production
nchedule.

We developed three graphlcs programs to
show additional {nformation to facility person-
nel. one color graphice program aim iates fn-
strument operation and ahows movement of the
source, mequence of operation of the delayed-
neutron and flux-monftor detectors, and place-
ment of samples for assay in elithor the small-
or large-sample ansay regionu., A graphice cal-
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Fig. 12. Large-assay-region fixed-sample data

from PWR fuel rods.

ibration progrum plots the assay data points and
measurement uncertainties from standards ve the
uranium mass of a sample. Figure 13 is a plot
of the small-sample assay region calibrated with
the waste standards, which shows the calibratlon
curve and the interpolated assay value trom a
messurement ¢ an unknown sample. The profile
of the uranfum digtribution along the length of
a sample i{s obtanined as a result of scanning. A
color graphics program showing the profile dis-
tribution from r scanning measurement s {llus-
trated i{n Fig. 14. The data in this plot cor-
responded to rcanning a waste canfster filled
with zirconi .n oxide. The caninter contalned a
200-g 2%y diuk placed at the top with a 40-g
uranfum fofl placed on the bottom. The graphlcs
programs provide other tnformation in addition
to the uranfum ameay value.

Conclusion

The Shuffler anany syntem fn inntailed at
the FAST facility. Connections to the fncflity
crane and mean facility computer will bhe com-
pleted by December 19B31.  Tenting of the svatem
vith cold fuel components {n achediled for late
1984, A tratning courne wil! be taught at the
facllity to orleut operators and supervisors on
use of the Shaffler for scanning ansays of hoth
wante and fuel wamplen, Baned on tnltial tewst-
fug with fabricated wante standardu, the lustra-
ment can chtain meanurements with preciulons of
well under 1.0X.  The additton of uwsutron pol-
sona to wante materiala counteractn the effecta
of hydrogen Joadinga on meanurementsa.  Unlog the
ratio of delayed-neu’ ron countn to {lux-monitor



v1g. 13. Waste-staadard ralibration data vs uranius mass for measure-
ments in the small-sawple assay tube.

Fig. 14 Protile plot of the uranfum distribution in a sample deter-

mined from a scanniog measurement in the amall-wample asnay tube. The

%0 .-m~-lnn* nample wan {{llod with zivconium oxtde and contafned o 200-g
oK, .

dink ot 3% on the top and 40-g of 3% oun the bottom.
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counts decreases the effect ot hydrogen modera-
tor on uraniuz measurements of waste samples.
The accuracy of assays at the facility will de-
pend on the background neutron level from radio-
active samples and will require development of
standards for instrument assay calibration that
are representative of the materials in the
process.
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